thin film X-ray diffraction techniques like pole figure measurements and glancing incidence (in-plane) diffraction to fully distinguish h-BN from r-BN.
I. INTRODUCTION
Boron nitride (BN) as a thin film is promising for many future electronic applications. On technologically important substrates, 0001 α-Al2O3 and 0001 4H/6H-SiC, chemical vapor deposition yields epitaxial sp 2 -BN films oriented around the c-axis. show that these cannot be confused with r-BN if proper characterization tools are employed, while distinction between these structures and h-BN is more difficult due to the similarities in diffraction patterns and crystal structure variations that cannot be distinguished by electron microscopy due to the resolution limitations.
For a powder sample of polycrystalline sp 2 -BN, determination of the crystal structure is straightforward from X-ray diffraction (XRD) in -2 geometry, 8, 16, 17, 18 whereas for epitaxial sp 2 -BN films, this distinction is more difficult due to the choice of substrates resulting in predominantly 0001 oriented films. Here, we seek to point to the impossibility to apply XRD in -2 geometry, low magnification transmission electron microscopy (TEM), Raman and Fourier transform IR (FTIR) spectroscopy for structure determination of epitaxial c-axis oriented sp 2 -BN films. We suggest a combination of advanced thin film X-ray diffraction techniques like pole figure measurements and glancing incidence (in-plane) diffraction and high-resolution electron microscopy (HREM) with careful sample preparation to distinguish h-BN from r-BN.
II. LIMITATIONS OF COMMONLY USED TECHNIQUES FOR sp 2 -BN FILM STRUCTURE DETERMINATION
The typically employed techniques for determination of crystalline structure are XRD and TEM which provide information about the crystallinity and crystal structure of a material. One would argue that Raman spectroscopy could be used for crystal structure determination as the technique is sensitive to the bonding and crystal symmetry. Due to the weak van der Waals interactions between the basal planes of sp 2 -BN, the use of Raman spectroscopy is limited to sp 3 -and sp 2 -BN.
A. X-ray diffraction
In the literature, XRD in -2 geometry is typically the technique used for structure determination of crystalline sp 2 -BN films. However, in such measurements only the 000ℓ reflections will be detected as the sp 2 -BN films are predominantly grown along 5 the c-axis. As h-BN and r-BN have the same interplanar spacing, the 000ℓ reflections of h-BN and r-BN will overlap making differentiation between the phases impossible. For more advanced XRD measurements of asymmetric planes, overlap between the reciprocal lattice points of the sp 2 -BN film and the substrate are likely to cause problems, which can be circumvented by employing high resolution instruments with monochromatic radiation. Lab scale instruments with high resolution optics and highly monochromatic X-rays are characterized by low intensity. This will complicate measurements since boron and nitrogen are light elements with low electron density that will scatter X-rays weakly. Consequently, asymmetric reflections, for instance in h-BN,
will not be visible due to the low intensity of the diffracted beam comparable to the background level. A higher brilliance of the primary X-ray beam, as in a synchrotron facility, will resolve the diffraction peak from the background level.
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B. Transmission electron microscopy
Conventional low resolution cross section TEM has frequently been used for observing the microstructure of deposited sp 2 -BN thin films in the literature. An example of a typical TEM micrograph is presented in Figure 3 where basal planes of the sp 2 -BN are discernable. As can be seen, it is only possible to observe that the distance between basal planes is around 3.35 Å. This is not conclusive for the determination of the crystalline structure as the distance between the basal planes is identical for h-BN and r-BN. 
III. DEMANDS FOR STRUCTURE DETERMINATION OF SP 2 -BN FILMS
A. X-ray diffraction
For -2 XRD, one could argue that due to different structure factors, it should be possible to differentiate between h-BN and r-BN by comparing the relative intensities of the diffraction from the adjacent basal planes and second order diffraction from them, i.e.
the 0002 and 0004 for h-BN and 0003 and 0006 for r-BN. In case of h-BN and r-BN the ratio between these diffraction peaks intensities should be 100 to 6 and 100 to 4 respectively, according to Table II . Such differences are too small for a reliable structure determination. Instead, thin film diffraction techniques such as pole figure measurements and glancing incidence diffraction of asymmetric peaks with 2 angles unique for each structure are required to determine the symmetry of the structure i.e. hexagonal or rhombohedral, bearing in mind potential overlap from substrate diffraction peaks in close vicinity in both 2θ and inclination angle which can hide the film peak. As listed in Table II Furthermore from Table II, the 10 0 peak is unique for h-BN suggesting that this peak could be monitored in pole figure measurements and serve as fingerprint for h-BN, albeit, for 0001 oriented h-BN films the ψ angles between {10 0} and {0001} is 90°.
Since XRD pole figure measurements are usually limited to 85° ψ angles, it is not possible to observe these set of planes. This means that Glancing Incidence (in-plane) XRD (GI-XRD) must be performed as such geometry allow the observation of in plane ordering in the films under investigation and thus by observing or not observing (10 0) planes of h-BN conclude if h-or r-BN is formed. (marked with red arrows from the inside of the pattern) is corresponding to the 6H-SiC {10 2} planes that exhibit an angle of 70° to the 6H-SiC {0001} planes. The second set of 6 peaks observed at ψ of about 77° (marked with green arrows from outside of the pattern) corresponds to r-BN {10 1} planes that exhibit 77° angle to the {0001} planes of r-BN. Another conclusion is that r-BN forms twinned crystals, since from the crystal structure this plane will show 3-fold symmetry with 3 peaks separated 120° in -angle.
Thus, the film grows epitaxial to the 6H-SiC substrate with two crystals 60° rotated around the c-axis. For the 10 1 pole recorded from an h-BN film, the peaks appear at an appropriate ψ of 70° and could be interpreted as a proof for the presence of h-BN in the film. As can be concluded from Figure 5 the peak at the ψ of 70° originates from the long tail of the diffraction peak of 10 2 of 6H-SiC at a lower diffraction angle that has an intensity above the background level at higher diffraction angles due to the use of nonmonochromatic optics. If the measurement is done without taking such overlaps into account, resulting pole figure might be misinterpreted leading to the conclusion that h-BN is formed while it is not the case. Similar 2 measurement was conducted for the case of r-BN and corresponding peak was clearly observed leaving no doubts about the conclusion. Another way to observe formation of h-BN is XRD measurements in glancing incidence geometry as is discussed before. 
B. High resolution electron microscopy
From the atomic resolution available in modern high-resolution electron microscopes it is possible following careful sample preparation to observe differences in stacking sequences as in h-BN and r-BN. Thus the sample must be prepared in a way so that the incident electron beam is orthogonal to a crystal plane where it is possible to make a distinction between crystal structures. This approach requires either previous knowledge on the in-plane orientation of the sp 2 -BN crystal, or assumption on the epitaxial relation with the substrate. 
IV. CONCLUDING REMARKS
We argue that from a combination of advanced thin film X-ray diffraction techniques like pole figure measurements and glancing incidence (in-plane) diffraction and high-resolution electron microscopy (HREM) with careful sample preparation, it is possible to distinguish h-BN from r-BN in epitaxial c-axis oriented sp 2 -BN films. We see this as important to advance BN as an electronic material. Finally, we hope that this paper will encourage researchers to conduct more careful characterization of the material synthesized, allowing reported material properties and synthesis conditions being assigned to the correct BN polytype.
